Tests of phagocytosis and killing by polymorphonuclear neutrophil leucocytes (PMNL) are usually done with pre-opsonised organisms. Phagocytosis of 11 strains of Escherichia coli, pre-opsonised, and in the stationary phase, resulted in the killing of only one strain although all the organisms were phagocytosed. However, when the same strains were added unopsonised to a PMNL-serum mixture, eight were killed after phagocytosis. With two of these strains, the amount of killing was inversely proportional to the time of preopsonisation. E. coli incubated for 30 min in dilute peptone water in Hanks's Balanced Salts Solution before phagocytosis also became resistant to killing ; bacterial division did not occur during this period. Experiments with bacteria in urine confirmed these findings and showed that E. coli exposed to serum or urine before phagocytosis became resistant to killing by PMNL. E. coli rapidly changes its sensitivity to phagolysosome killing during transition from stationary to lag phase in a nutrient medium. This resistance is retained through the exponential phase but is lost during the stationary phase. The killing of Pseudornonas, Enterobacter, and Acinetobacter by PMNL was unaffected by varying the method of opsonisation or the phase of growth. If this phenomenon occurs in vivo it may affect the outcome of infections caused by strains of E. coli that survive killing by PMNL.
Introduction
Opsonisation with serum is generally regarded as a pre-requisite for optimal phagocytosis and killing of bacteria by polymorphonuclear neutrophil leucocytes (PMNL). Bacteria can be opsonised either before they are added to the PMNL, here termed "pre-opsonisation", or by adding organisms directly to a mixture of PMNL and serum. The former method allows maximum phagocytosis after 3-5 min, whereas in the latter this is achieved after 10-15 min.' This may explain why the majority of experimental work reported in this field has been done with pre-opsonised bacteria.
During an investigation of the ability of human PMNL to kill serum-resistant Escherichia coli it was found that the method of opsonisation was a crucial determinant of killing. We examined the relationship between the growth phase of bacteria and killing by PMNL in Hanks's Balanced Salts Solution (HBSS) and in human urine.
Materials and methods

Isolation of PMNL
Samples (4ml) of venous blood were taken from healthy donors and anticoagulated with potassium EDTA. PMNL were isolated by low speed differential centrifugation in HBSS without Ca2+ or Mg2+ (Gibco Ltd, Paisley) after lysis of red blood cells in isotonic ammonium chloride. This method preserves the functional integrity of the cells, including the capacity for intracellular killing. The PMNL were resuspended in 2 ml of HBSS at 4°C. Under these conditions, the PMNL remain in a stable condition until serum is added. For a limited number of experiments, PMNL were separated by dextran sedimentation. Whole blood (4 ml) was added to 1 ml of dextran (mol. wt 70000) 6%w/v in sodium chloride 0.9% (Travenol Laboratories Ltd) and allowed to stand for 1 h at room temperature. The leucocyte-rich supernate was centrifuged, the red blood cells were lysed with isotonic ammonium chloride and, after a further centrifugation, the PMNL were resuspended in HBSS at 4°C.
Department of Microbiology, University Road, Leicester LE1 9HN. Strain 227, from a blood culture, was isolated at the Royal Free Hospital, London. Three other serum-resistant strains of gram-negative species were isolated at this hospital : Pseudornonas aeruginosa and Acinetobacter Zwo@ from blood cultures and Enterobacter cloacae from a wound.
All bacteria were grown in Brain Heart Infusion Broth (BHI ; CM225, Oxoid). Stationary phase organisms were obtained from static 18-h cultures at 37°C. Exponential phase bacteria were from a 1 in 10 dilution of 18-h cultures in fresh BHI, shaken in a water bath at 37°C for 100 min. Gram-negative rods other than E. coli were shaken for 2 h. All bacteria were washed once in HBSS before use.
Peptone Water (Lab M, Bury), containing peptone 10 g/L was diluted 1 in 10 in HBSS.
Opsonisat ion
Pre-opsonisation. Washed organisms were diluted in HBSS to a final concentration, in human serum 10% (from the same donor as the PMNL, except where stated) of lo7 -3 x lo7 organisms/ml. The mixture was rotated in a water bath at 120 rpm for 30 min at 37°C and 200p1 was added to an equal volume of PMNL suspension (4 x 106/ml), to give a final bacteria: PMNL ratio of approximately 5: 1. Serum was added to bring the final concentration back to 10%.
Opsonisation in the reaction mixture. A 2 0 0 4 sample of the washed and diluted unopsonised organisms was added directly to 2 0 0~1 of the PMNL suspension together with serum 10% to give the same ratio of bacteria to PMNL as above.
Phagocytosis and killing
Immediately after adding opsonised or unopsonised organisms to the PMNL, 2Opl of reaction mixture was removed and added to 4.98 ml of distilled water (Travenol) at pH 11 and held for 5 min at 37°C. These conditions completely lysed PMNL without harming the b a~t e r i a .~
The sample was vigorously shaken and a viable count made, with distilled water (PH 5-6) as diluent, on MacConkey Agar (CM7b, Oxoid). The reaction mixture was rotated at 120rpm in a water bath for 1 h at 37°C and viable counts were again done. Bacterial killing was expressed as the percentage reduction of the initial viable count. Controls containing bacteria and serum lo%, without PMNL, were examined by the same procedure, to eliminate the possibility of extracellular killing by serum, or bactericidal activity of water at pH 1 1. Slide preparations of all the PMNL-bacteria mixtures after incubation for 1 h were made with a Cytospin 2 (Shandon Southern Products Ltd, Cheshire). These were stained with Prodiff (Braidwood Labs) and examined to determine the percentage of PMNL that had phagocytosed bacteria and the mean number of bacteria phagocytosed per PMNL.
Preparation and use of urine
Urine samples from 16 healthy volunteers (eight males and eight females), without antibacterial activity and with bacterial counts of < lo3 organisms/ml, were pooled. The pool was filtered through a coarse and a fine filter to remove sediment and finally through a 0.22-pm membrane filter (Millipore) to remove bacteria. The pooled urine, pH 6.9, osmolality 504 mOsm/kg and urea concentration 195 mM/L, was divided into 20-ml volumes and stored at -36°C.
PMNL freshly prepared from blood, as above, were centrifuged from 2 ml of HBSS at 1609 for 5 min and resuspended in the same volume of pooled sterile urine shortly before the experiment. Bacteria suspended in HBSS were centrifuged and resuspended in urine immediately before the experiment. All opsonisation, phagocytosis and killing experiments were performed as previously described but with urine in place of HBSS.
Detection offimbriae
Mannose-sensitive (MS) fimbrial activity of E. coli, grown in Nutrient Broth (Oxoid), was detected by inhibition with D-mannose of the haemagglutination of 3% horse red blood cells.' Mannose-resistant (MR) haemagglutination by E. coli, grown on phosphatebuffered nutrient agar, was demonstrated with group 0 human red blood cells 3% in the presence of Dmannose at 4°C. E. coli controls with MS, MR and without haemagglutinating activity were included. The test organisms were then incubated with serum 10% in phosphate-buffered saline for 30 min with rotation at 120 rpm at 37°C (i.e., pre-opsonised), washed once and the haemagglutination tests were repeated.
Results
Eflect of method of opsonisation on killing of E. coli by PMNL
Only one strain (244) of the 11 E. coli strains tested was killed by PMNL after pre-opsonisation, despite good phagocytosis of all the strains (average 89% with a mean uptake of 5.5 organisms/cell). This was confirmed in three separate experiments with PMNL isolated from three individuals with homologous serum (table I). As this resistance to PMNL killing in the majority of E. coli strains appeared unusual, the growth conditions of the E. coli and the separation technique for the PMNL was varied to attempt to achieve greater killing. When the same 11 strains were tested in their exponential phase, the same results were obtained. PMNL separated by dextran (10 experiments with PMNL from four donors) were similarly unable to kill the E. coli strains. With heparin as the anticoagulant instead of EDTA, there was no difference in the results. However, when these E. coli strains were opsonised in the reaction mixture, instead of being pre-opsonised, intracellular killing of a further eight of the strains was achieved (mean kill 76% SD 12.2%, table I). The eleven strains were ingested by an average of 88% of the PMNL with an mean uptake of 4.9 E. coli/PMNL (table I) . These results were confirmed in three experiments each with a different donor of PMNL: homologous serum was used with PMNL from one individual and autologous serum with PMNL from the other two. When PMNL separated by dextran sedimentation were used, similar results were obtained (mean kill 74% SD 1 1-7%, n = 10). A difference in the microscopic appearance of the intracellular E. coli under the two conditions of opsonisation was particularly apparent with one strain (Bi-8337) and correlated with these findings ( fig. 1) . Control experiments showed that killing did not take place in the presence of serum alone and that water at pH 11 was not bactericidal for any of the E. coli strains.
Time course of pre-opsonisation
To ascertain how long the E. coli strains could be exposed to serum before they became resistant to intracellular killing, two strains (441 and Bi-8337) were opsonised in serum 10% in HBSS for between 0 and 30 min before exposure to PMNL and phagocytosis. Killing of 68% and 73% was found without preopsonisation, 58% and 44% after pre-opsonisation for 15 min, and no killing after pre-opsonisation for 20 min ( fig. 2) .
Efect of nutrients on killing
Pre-opsonisation in serum exposes the organisms to a nutrient environment which allows them to begin to prepare for multiplication. To establish whether such a nutrient environment could be the cause of the organisms becoming resistant to killing by PMNL, three E. coli strains (401, 441 and Bi-8337), grown overnight, were incubated in a 1 in 10 dilution of peptone water in HBSS for 30 min, instead of serum lo%, before opsonisation in the PMNL-serum reaction mixture. None of these three E. coli strains was killed by the PMNL (table II) , despite good phagocytosis. The same E. coli strains incubated for 30 min in HBSS alone, before opsonisation and phagocytosis in the reaction mixture, were killed, as were control organisms opsonised and phagocytosed in the reaction mixture in the presence of a 1 in 10 dilution of peptone water (table 11) . Viable counts on stationary phase E. coli before and after the 30-min incubation showed that bacterial multiplication had not taken place in either HBSS or in a 1 in 10 dilution of peptone water in HBSS.
Eflect of growth phase on killing
Eight strains of E. coli, which in their stationary phase became resistant to killing after pre-opsonisation, were grown to the exponential phase and added unopsonised to the PMNL-serum reaction mixture. All were resistant to killing by PMNL (table 111, mean phagocytosis 78%, average uptake 2.9 organisms/cell).
Two of the strains (Bi-8337 and 401) were grown in shaken cultures in BHI for 6 h; samples of bacteria were removed at hourly intervals, washed and added unopsonised to the PMNL-serum reaction mixture. Viable counts performed every hour indicated that both organisms had reached their stationary growth phase after 3 h. The short exponential phase was due to a heavy inoculum (see Materials and methods). Strain Bi-8337, which was resistant to killing by PMNL for the first 2 h, became sensitive to killing (mean kill 81% SD 3.2, n = 3) after 3 h. However, strain 401 started to become sensitive to killing only after incubation for 6 h (mean kill 44%, n = 2).
Eflect of pre-opsonisation on bacterial growth
There was no increase in the viable counts of any of the stationary phase E. coli after pre-opsonisation for Fig. 1. (a) The effect of pre-opsonisation-most organisms are well stained and appear healthy; there was no evidence of killing as judged by viable counts. (b) The effect of opsonisation in the PMNL-serum reaction mixture-most intracellular organisms have undergone degenerative changes and many in the phagolysosomes appear poorly stained; arrows mark some examples; viable counts showed 82% killing. Bar = 10 pm.
30 min, regardless of the medium used. Thus, HBSS with serum 10% and pooled urine alone or with serum lo%, did not increase the bacterial count over a 30-min period.
Other gram-negative bacteria
Pre-opsonised and unopsonised strains of A. lwafi, Ent. cloacae and P . aeruginosa in the exponential or stationary phase were uniformly sensitive to intracellular killing by PMNL (table 111) . Stained smears of each preparation confirmed that phagocytosis had taken place.
Experiments in urine
Five strains of E. coli (323, 398, 401, 441 and Bi-8337) which had been killed by PMNL in HBSS were examined for killing by PMNL in sterile pooled human urine. When these strains, grown overnight in broth and resuspended in urine, were opsonised in the reaction mixture containing urine, serum 10% and PMNL, killing was observed (table IV) . This was accompanied by very good phagocytosis (mean 98%) with an average bacterial uptake of 8.1 organisms/ PMNL. However, when these strains were opsonised for 30 min in urine containing serum 10% or incubated , E. coli 441 , n = 2.
----in urine alone for 30min, before addition to the PMNL-serum reaction mixture, they were not killed (table IV) . This occurred in spite of good phagocytosis
The fimbrial status of 10 E. coli strains after overnight growth and after overnight growth followed by exposure for 30 min to serum lo%, proved to be identical. Two strains were not fimbriate, two had MS fimbriae, two had MR fimbriae, and four had both MS and MR fimbriae, before and after opsonisation.
Discussion
The ability of E. coli to resist intracellular killing by PMNL depends on the method of opsonisation. Our observations can be explained if resistance to killing is a result of changes in bacterial metabolism during the transition from the stationary to the lag phase, occasioned by the nutrients present in a 10% serum solution during pre-opsonisation. The presence of serum lo%, urine, or even a weak nutrient solution of a 1 in 10 dilution of peptone water in HBSS, appeared tialphase. It is interesting that E. coliin the exponential phase that remained sensitive to killing by PMNL, and those that developed resistance, were able to induce a PMNL respiratory burst, as detected by the chemiluminescent response. Similarly, it has been shown' that exponential phase Listeria monocytogenes were more resistant to the extracellular products of PMNL that had been stimulated by phorbol myristate acetate than those in the stationary phase. This was attributed to the 2.5-fold higher catalase activity of the organisms during growth. However, it was not possible to demonstrate this difference with E. coli strains. ' We found that resistance to killing by PMNL developed in eight of 11 strains of E. coli during the transition from the stationary phase to the lag phase. One strain remained sensitive and two strains resisted killing by PMNL despite changes in the opsonisation procedure or growth phase. For technical reasons we were only able to test serum-resistant strains, which make up about 22% of strains causing urinary tract infections.' This resistance did not occur in the other gram-negative genera we tested. However, it should be noted that we tested only one strain from each genus.
The ability of peptone water diluted in HBSS to substitute for serum 10% in bringing about resistance to killing indicated that a serum factor was not involved, as we previously thought."
Production of fimbriae by E. coli is known to vary with growth conditions and PMNL interactions with fimbriate E. coli cells can alter the bactericidal oxidative mechanism. l 1 However, our findings with a range of fimbriate and non-fimbriate E. coli strains,
